T h e transport of 1.-cystine into cells of the mammalian brain is an essential step in the supply of cysteine for synthesis of the antioxidant glutathione. Uptake of i,-cystine in rat brain synaptosomes occurs by three mechanisms that are distinguishable on the basis of their ionic dependence, kinetics of transport and specificity of inhibitors. Almost 90",, of 1.-cystine transport is by a low-affinity, sodium-dependent mechanism In rat brain slices, sodium-dependent transport of both 1.-glutamate and 1.-cystine is necessary for maintaining glutathione levels. Uptake of 1.-cystine is sensitive to inhibition by an increased extracellular concentration of I,-glutamate, which has important implications for understanding conditions that may initiate oxidative stress.
Introduction
A number of distinct transport mechanisms have been described that may be important in the supply of cysteine (in the form of cystine) for the synthesis of the major cellular antioxidant, glutathione (GSH). 1.-Cystine uptake by a sodium-independent heteroexchange mechanism Key words: glutamate. glutathione. L-cysteine sulphinate. L-serine-0-sulphate.
Abbreviations used: GSH. glutathione: I-trans-PDC. L-ironspyrrolidine-2.4-dicarboxylate. 'To whom correspondence should be addressed (e-mail gethinmcbeanw ucd.ie).
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0 200 I Biochemical Society (designated as system x,,-in [l] ) has been shown to occur in rat hepatocytes [2] , endothelial cells [3] , mouse peritoneal macrophages [4] , C6 glioma cells [5, 6] , retinal Muller cells [7] and foetal brain cells [8] . T h e system operates as a 1 : 1 exchanger with intracellular glutamate, in which it is thought that 1,-cystine is transported inwards in its anionic form in exchange for 1.-glutamate travelling outwards down a 1 0000-fold concentration gradient However, not all cystine transporters are sodium-independent. Murphy et al. [ 121 demonstrated that the transport of L-cystine into non-neuronal cells in culture occurs by a lowaffinity, high-capacity system, which is sodiumdependent. Sodium-dependent transport of 1.-cystine into rat alveolar type I1 cells that is sensitive to inhibition by 1,-aspartate, 1.-glutamate and 1.-homocysteate has also been described [13] . In purified rat brain synaptosomes. over 90",, of the total quantity of cystine transported (1-600 pM), is by the sodium-dependent XA(;-family of glutamate transporters [ 141, and a similar Relationship between L-cystine and L-glutamate transport across the plasma membrane L-Cystine is a substrate for the sodium-dependent, high-affinity XAC-family of glutamate transporters. as well as for the x,-cystine/glutamate exchanger, which transports t-cystine inwards in exchange for L-glutamate moving outwards.
profile of sodium-dependent transport of cystine occurs in cultured astrocytes from neonatal rat brain [ 151.
Following from our initial observation that the majority of L-cystine uptake into rat brain synaptosomes occurs b y a sodium-dependent mechanism, we have investigated this transport process in terms of the kinetics of L-cystine uptake, and its pharmacological profile, in order to determine the relationship of this transport to the high-affinity, sodium-dependent X,,,;-family of glutamate transporters. We have shown, from testing a wide-range of excitatory amino acid and sulphur-containing compounds, that the pharmacological profile of inhibitors of L-cystine uptake was almost identical with that of sodiumdependent D-aSpartate uptake (which is used as a model of L-glutamate uptake [ 141). These results confirm that L-cystine, like L-glutamate, is a substrate for the X,(;-family of high-affinity, sodium-dependent transporters. However, a number of important and interesting differences have emerged, which suggest that L-cystine and L-glutamate have different recognition sites on these transport proteins.
Inhibition of sodiumdependent L-cystine transport
T h e effect of L-glutamate and a number of structural analogues on the kinetics of L-["C]-cystine uptake in purified rat brain synaptosomes was determined (Table 1) . Both 1.-glutamate and L-cysteine sulphinate proved to be noncompetitive inhibitors of ~-['.'C]cystine uptake, since the K , for transport of L-cystine was unchanged, whereas the V,,, was reduced considerably (Table 1) . A lack of inhibition of ~-['HH]aspartate (used as an analogue of L-glutamate) uptake by L-glutamate confirms the non-competitive nature of the inhibitory mechanism of action of Lglutamate on L-cystine uptake. Similar analyses of the mechanism of inhibition of L-cystine transport were performed using the following known inhibitors of sodium-dependent D-aSpartate transport (X,,,-transporters) : ~-trans-pyrrolidine-2,4-dicarboxylate (L-zYU~S-PDC), L-serine-0-sulphate, kainate and L-cysteine. All of these amino acid analogues proved to be competitive inhibitors of sodium-dependent L-cystine uptake (Table 1 ), as they all significantly increased the Michaelis constant (K,) for transport with no change to the maximum rate of L-cystine uptake. ~-['HH]Aspartate uptake was also inhibited in a competitive manner by these compounds, as well as by Lcysteine sulphinate.
In investigating the structural specificity of inhibition of sodium-dependent L-cystine uptake into synaptosomes, it was discovered that, like L-glutamate [14], L-cysteine sulphinate is a noncompetitive inhibitor of the transport of L-cystine. This conclusion is drawn from the fact that the K,,
Inhibition of sodium-dependent ~-["C]cystine uptake by excitatory amino acid analogues
Synaptosomes were incubated with 1-600 p M ~-['~C]cystine for 6 min at 25 "C in the absence or presence of inhibitors at the concentrations indicated. Kinetic parameten were determined by non-linear regression analysis of rate curves by applying the Michaelis-Menten equation to the data. The results are the meansf5E.M. of at least three independent observations, measured in triplicate. ***P < 0.00 I ; **P < 0.02: * P < 0.05.
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Determination of the potency of inhibition of sodium-dependent ~-["C]cystine and ~-[~H]aspartate transport by amino acid analogues
The rate of ~-[~~C]cystine (300 pM) or ~-['H]aspartate (40 pM) uptake into synaptosomes was determined for 6 or 4 min. respectively. at 25 "C in the presence of inhibitors (I 0 I 0-2 M) The data were fitted to a sigmoidal concentration-response curve. and the I C, , was determined. The results are the means5S E.M of at least three independent observations. measured in tnplicate. **P < 0.0 I vs
L-trans-PDC
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L-Glutamate (Table 2) .
Given the structural similarity between Lcystine and L-glutamate, one would anticipate that a number of amino acid analogues could bind to both the L-cystine and L-glutamate sites. T h e structural requirements of L-glutamate uptake are well documented (as reviewed by Danbolt [16] ), and predict that a-amino dicarboxylic acids in which the carboxyl groups are separated by two, three or four methylene groups are the most effective inhibitors. T h e fact that I*-cystine does not bind to the glutamate site on the X,,(;-transport proteins may be explained most readily on the basis of the distance between the proximal and distal carboxyl groups (four carbon and two sulphur atoms), which obviously exceeds the recommended maximum of four methylene groups. T h e preference of 1.-cysteine sulphinate (two methylene groups) for the glutamate site rather than the cystine site may be owing to the fact that compounds with greater distances between the two acidic groups fit better into the cystine site, rather than the glutamate site. T h e overlap of compounds capable of fitting into both sites would therefore be more likely for those that contain at least three methylene groups (or equivalent) separating the acidic groups. This is borne out b y the fact that L-serine-0-sulphate (two methylene groups and one oxygen atom), 1.-trans-P D C (three methylene groups) and kainate (three methylene groups) are all competitive inhibitors of both 1.-cystine and D-aSpartate transport, and therefore can be assumed to associate with both sites. 1.-Homocysteate on the other hand, even though it has the recommended inter-carboxyl group distance of three carbon atoms, is only a very weak inhibitor of both 1.-cystine and D-aspartate uptake [ 141. Curiously though, 1.-homocysteate is a recognized inhibitor of the x,,-cystine-glutamate exchanger [lo] , which implies that it will fit into a site(s) on that particular protein that must be accessible to either I,-cystine or 1.-glutamate. T o date, no studies have, to our knowledge, investigated whether 1.-glutamate and I.-cystine share a common site on the x,,-exchanger.
Other evidence to suggest a multiplicity of sites on the sodium-dependent glutamate transporters is scarce. In their study of high-affinity glutamate uptake into synaptosomes, Robinson et al. [17] have indicated that in the case of a small number of inhibitors, including kainate and I.-homocysteate, the data was best fit to a two-site model. We predict that uptake of 1.-cystine sulphinate would fit to a one-site model, whereas the competitive inhibitors of both 1.-cystine and Daspartate transport would be best fit to a two-site model. A definitive answer to this question can only be resolved by studying the kinetics of the transport of these compounds themselves. However, since many of the inhibitors that we have so far tested have similar ICs, values, resolution of the data into a one-or two-site model might be difficult. From our data, 1.-serine-0-sulphate would be a good choice for this investigation, as it is a potent inhibitor of each transport mechanism, yet there is a significant difference in its potency for inhibition of ~,-["C]cystine uptake, as compared with ~-['HH]aspartate uptake. T h e absence of a radiolabelled form of this compound hampers this investigation. Vandenberg et al. [ 181 measured uptake of serine-0-sulphate (as the current detectable under voltage-clamp conditions) into a recombinant glutamate transporter (EAAT2 subtype) in Xenopus laevis oocytes, and found a different profile, in terms of the voltage-dependency of uptake, than for I=glutamate. Whether this is evidence that 1,-serine-0-sulphate adheres to the I,-cystine site, in addition to the 1.-glutamate site, remains to be determined. Vandenberg et al. [ 181 suggest that 1.-serine-0-sulphate interacts in a different manner (in terms of enhanced sodiumdependency) with the EAAT2 glutamate transporter than do glutama am ate or D-aspartate. T h e sulphate group in 1.-serine-0-sulphate is both larger and more acidic than the distal carboxylate group in 1.-glutamate, although the internal chain length , in L-serine-0-sulphate is comparable with that of [.-glutamate (-CH,-CH,-C0,-).
1.-Cystine uptake in astrocytes by the sodium-dependent 1.-glutamate transporters is partially chloride-dependent [ 151, which correlates with the chloride-dependency of 1.-serine-0-sulphate uptake via EAAT2 [ 181, and could be interpreted as an association of i,-serine-0-sulphate with a I.-cystine site on the transporters.
In our investigations of sodium-dependent I.-cystine uptake to date, we have made no predictions of which, if any, of the separate subtypes of high-affinity glutamate transporters might transport 1.-cystine preferentially. Synaptosomes are rarely free from glial contamination [19] , and there is a multiplicity of glutamate transporters present in synaptosomal preparations [ 171. Experiments on the individual glutamate transporters cloned in HEK293 cells are currently underway to address this question.
Synthesis of GSH
T h e transport of L-cystine is an important step in the synthesis of G S H , which occurs in the glial cells of the brain. Since both the sodiumdependent glutam am ate transporters, as well as the sodium-independent xc-exchanger are primarily located on glial cells, one cannot make simple predictions, from localization studies, of the relative importance of these two systems in the overall supply of I.-cystine for G S H synthesis in these cells. Several investigators have explored the contribution made by the x<.-cystine/glutamate exchanger to glutamate toxicity on the basis that cells become vulnerable to oxidative stress in the absence of G S H when 1.-cystine transport is blocked. For example, an inhibition of x,.-mediated I,-cystine transport by elevated extracellular glutamate, which caused a depletion of G S H and a consequent vulnerability of the cells to death by oxidative stress, was observed in neuronal cell lines and C6 glioma cells [6, 20] . On the other hand, Reichelt et al. [21] have shown that, in retinal Muller cells, sodium-dependent transport of L-glutamate is important in this regard. Since sodium-dependent transport is responsible for a large part of the cystine that is accumulated by both synaptosomes and primary astrocyte cultures [ 14,221, we have analysed the contribution of this transport system to the maintenance of G S H levels, using rat brain slices as an experimental model. Superfusion of brain slices for 60 rnin under physiological conditions in artificial cerebrospinal fluid leads to a gradual decline in the tissue concentration of G S H (Figure 2 ), but this can be prevented by the inclusion of both 1.-cystine and 1.-glutamate in the incubation medium. This increase in G S H levels caused by both L-cystine and L-glutamate is abolished in sodium-free media, or by the addition of inhibitors of the sodiumdependent transport of L-cystine and D-aspartate ( L -~Y~~s -P D C , L-cysteine sulphinate or L-serine-0-sulphate). T h e selection of the particular concentration of 1.-cystine and L-glutamate used in these experiments (1 m M and 20pM, respectively) was governed by (a) the limit of solubility of 1.-cystine at 30°C, and (b) the need to avoid excitotoxic cell death from a sustained high concentration of 1,-glutamate. 1.-Glutamate inhibits the initial rate (as indicated in our experiments [14]) of i.-cystine uptake, but at time periods longer than this, in the steady-state phase of transport, L-glutamate (10-100 @I) has been shown to stimulate uptake of I.-cystine [ 151. Thus, in our slice perfusion experiments, which lasted for 60min, it is more likely that glutamate was stimulatory, rather than inhibitory in respect to Lcystine uptake. This may be due to a glutamateinduced retention of L-cystine in the form of GSH. We conclude that, as in the retinal Muller cells [21] , sodium-dependent transport mechanisms are an essential component of the overall provision of precursors for synthesis of GSH. Further experiments are being carried out to determine whether both amino acids enter preferentially by a sodium-dependent mechanism, or whether, as in Miiller cells, sodium-dependent uptake of L-glutamate is needed to provide the outward driving force for x,.-mediated exchange with 1.-cystine. Until this information is available, one can only speculate as to the full importance of each transport system for L-cystine in terms of supply of cysteine to augment synthesis of GSH. It is noteworthy that in several of the systems in which the x<.-exchanger is important for synthesis of G S H (i.e. neonatal neurons and C6 glioma cells) there may be an underdeveloped highaffinity, sodium-dependent transport mechanism. C6 glioma cells only express a single glutamate transporter (EAAC1, which is normally found on neurons) [23] . Therefore, in these cells, sodiumindependent transport of L-cystine may be required to supply GSH.
GSH content of rat brain slices
Coronal slices (0.5 mm) from rat brain were prepared using a Campden Vibroslice. and perfused in Krebs' medium for 30 min before the addition of compounds under study. After 60 min perfusion. the slices were assayed fortotal GSH. The results are expressed as the relative GSH content (% of the GSH contained in the slices at the beginning of the incubation period). I, baseline GSH: 2.60 min in Krebs' medium: 3, I mM L-cystine; 4,20 p M L-glutamate; 5, I mM L-cystine and 20 pM L-glutamate: 6, sodium-free Krebs' medium containing I mM L-cystine and 20pM L-glutamate; 7, I mM L-cystine. 20pM L-glutamate and I mM L-trans-PDC: 8, I mM L-cystine. 20pM L-glutamate and I mM L-cysteine sulphinate: 9, I mM L-cystine. 20pM L-glutamate and I mM L-serine-0-sulphate. **P < 0.0 I vs L-cystine and L-glutamate (column 5): ***P < 0.00 I vs 60 min Krebs' medium (column 2). 
Conclusion
We have demonstrated that synaptosomal Lcystine uptake occurs primarily by a sodiumdependent mechanism that involves the X,,(;-high-affinity glutamate transporters. However, it is apparent that the sites to which glutamate and cystine bind on these proteins are not the same, and the full implication of this, in terms of the physiological role of this transport system, and how it would be affected by pathological conditions remains to be determined.
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